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DUCT DESIGN 


GENERAL 


For aerodynami purposes the earth's atmosphere 
can be considered as an infinite sea of air. This atmos- 
phere supports aircraft in fight, sustains life in their 
cabins, makes possible the opcration of their engines 
and many navigational instruments, and, with the 
addition of heat, de-ices carburetors, wings, and pro- 
pellers. To pick up the air needed for these purposes 
and deliver it to the proper places and then discharge 
it requires numerous duct systems. To pick up this air 
while the airplane is traveling at high speeds and to 
do it with minimum space, weight, and drag penalties, 
requires Careful and painstaking duct design. 


Requirements—Actually all airplane ducts, includ- 
ing air cooled engine cowls, are a special variety of 


a 
a 
i ae 


14 


QO 20 40 60 B80 100 i20 140 


ee ae es ee 
ee A A a a ee 7 a 

aa Fea a (ae: a, a 
a Rs ee, ee RE 


pump whose purpose itis to force a predetermined 
quantity of air to some destination against a resistance. 
This resistance may he only the pressure drop associ- 
ated with the duct itself or it may include a heat ex- 
changer such as an oil cooler ot an intercooler. If the 
duct 1s an air cooled engine cowl, this resistance is the 
sum of engine baflic pressure drop and cowl pressure 
losses. The energy to operate this type of pump is the 
dynamic pressure available at the duct inlet duc to the 
airplane velocity. This pressure varies according to the 
relationship, q, = ApV-F.. The Hustrated curve is a 
plor of this rclanonship. The opcration of one such 
pump ilustrared here as the simplest: possible case. 
Flow through this system is governed by the princisle 
that the static pressure of the flow at the exit is inde- 
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DUCT DESIGN 


pendent of the rate of flow and equals the static pres- 
sure of the exrernal flow at the exit, which for the 
case shown its free stream static pressure. Since the ini- 
tial free stream total pressure less all duct losses must 
equal the total pressure of the internal flow at the exit, 
it is evident that the dynamic pressure at the exit is 
less than free stream dynamic pressure by the amount 
of these losses. It is also evident that the maximum 
pressure loss which this system can support is equal to 
the dynamic pressure of flight. 


Location of Duct—With 
less limited conditions, 
these same basic principles 
apply in actual practice. By 
locating a duct entrance 
behind an effective propel- 
Jer blade section, total pres- 
sures as high as 2q, have 
been obtained. The exit of a duct system may be lo- 
cated at some position on the airplane where the static 
pressure of che external flow is greater or Jess than 
that of the free stream, and, regardless of where rhe 
exit is located, the scatic pressure in that vicinity can 
always be decreased by the use of an extended flap. 
Such factors as these can 
act tO greatly increase or 
decrease the pressure drop 
available across any duct 
System at a.piven.air specd. 
However, for every type of 
system, elimination of all 
possible pressure losses is 
highly desirable to assure sufficient pressure head for 
mecting requirements of the duct Joad and to reduce 
drag. This is especially true at low air speeds and in 
climb where flight dynamic pressures are small. The 
operation of al] airplane duct systems is paid for in the 
form of drag. This drag falls into two general classi- 
fications, external and in- 
ternal. The external drag 
chargeable to a duct system 
generally can be accurately 
evaluated only by compari- 
son of tests made on a 
model without ducts co tests 
on the same model with 
ducts installed and with air eaters 
flowing through them. The 
additional increment of 
drag obtained with the ducts installed and operat. 
ing is the result of aerodynamic Josses which occur 
because of flow friction and changes in the pattern 
of air moving past the outside of the airplane. If 
the duct inlets are of pood aerodynamic form their 
entrance flow patterns should not vary matcrially over 
the required range of interne) flows. This means that 
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for well designed systems the external drag is largely 
a function of external shape and flight attitude. How- 
ever, since the entrance patterns of poorly designed 
ducts can change greatly over the required ranges of 
internal airflows and thus add large increments of ex- 
ternal drag. it is always 
wise to make tests under 
s@veral conditions. Internal 
drag refers to the aerody- 
namic losses which occur in 
the air flowing through a 
duct system. Consider again 
the elementary duct illus- 
trated through which flow 
is Maintained by dynamic pressure differences. At- 
mosphere surrounding the duct is at pressure, p 
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airflow approaches the duct at flight velocity, V. 
There is a pressure loss Ap in the duct and air leaves 
at a reduced pressure. Finally this law energy air at- 


tains the value p, again at some point behind the duct 
exit. 


Equations describing the operation of the duct are 
as follows: 


V = Aight velocity, ft,/sec 


p = air density for conditions under considesa- 
tion, slups ft? 


LP = pressure loss in the duct, Ib,/sq fe 


Po = atmospheric pressure for conditions under 
consideration, ]b,’/sq fe 


v = velocity at point behind duct exit where Po 
has again been attained Ly the low energy 
air, ft,‘sec 

Q = volume of air flow through duct, CFS 

Free stream total pressure entering duct 
= 14,)Vi + Po 
Free stream total pressure leaving duct 
= dpv? + Po when static pressure again equals 
Po 
Developing Expression for Internal Drag of Duct 
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Now, internal drag equals the rate of change of mo- 
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mentum experienced by the air passing through the 
duct and pQ equals the mass of air flowing. Thus, 


D = pQ (V-v) = QV (1— =) pounds 


Substituting from equation (1) for the velocity ratio, 
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This formula applies only when AP is small com- 
pared with 3,)V? and when the low energy air distri- 
bution behind the duct is uniform. It is accurate 
enough for most practical purposes. 


Two conclusions can be drawn from equation (2) 


1. Ata given flight speed the drag depends di- 
rectly on the quantity of air flowing per unit of 
time. 


2. Ata given flight speed the drag depends di- 
rectly on the magnitude of the loss, /,P, in 


From the foregoing it is evident that efforts to keep 
external drag of duct systems to a minimum are 
largely dependent upon develosing the prover inlet 
share and finding the proper infect and exit locations 
by means of wind tunnel tests. Since the quantity of 
fiow is determined by the purpose for whch the air 
is t0 be ysed, efforts to keep internal drag to a mini- 
mum by decreasing Q are limited to controlling it as 
closely as possible to the required vales and to using 
the most eihcient heat exchangers ohtainable. Thus, 
the real opportunity for decreasing internal drag of 
a duct (and hence total drag of the airplane) lies in 
keeping £,P to a minimum. 


Noture of Losses—There are on!y two fundamenial 
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Fundamental Couse for Pressure Losses 


causes af pressure dass an the ew of al through ducts, 
These causes are skin friction and flew separation. 
Fiow separation van be furcher broken down into ()) 
entry losses, (2) diverusnre losses, (3) cornez or 


bend losses, (4) contraccion of nozzle Josses, (S) 


triction also enters into the above six items but for 
the type cf ducts used in aircraft work it is usually so 
small with respect to the separation losses that it can 
easily be neglected. Each of these fosses is propar- 
tonal to the dynamic pressure ef the air flowing 
through a particular duct. The dynamic Pressure is 
propostional to the square of the duct fow velocity. 
Thus it is seen thar doubling the fiew velocity in a 
duct wil] increase the Jusses four times. Halving the 
diameter of a round duct will increase the duct veloci- 
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DUCT DESIGN 


ties four times and will increase the losses to sixteen 
times their former values. This clearly illustrates the 
first tenet of good duct design: Use ducts of adequate 
size and keep duct velocities as low as possible. 


Reference to the illustrated curve of pressure vs. 
air speed wi'l illuscrare the foregoing. A duct velocity 
of 88 feet per second or 60 miles per hour will have 
a dynamic pressure of 1.8 inches of water while a 
duct velocity of 176 feet per second or 120 miles per 
hour will have a dynamic pressure of 7.2 inches of 
water. The loss of 50 per cent of the velocity energy 
would not be important in the first case but it could 
be in the second case. 


Fiow separation could also be called turbulent flow 
and it refers to the phenomenon by which air flowin 
past duct entrances, through diffusers, around bends, 
and over exit flaps will break away from the solid 
boundaries as described below and form strong vor- 
Uices and reverse flow between the main stream and 
the boundary in question. 


ABRUPT EXPANSION 


Air flowing adjacent to a solid boundary, whether it 
be a duct wall or a fuselage skin, is slowed down by 
friction existing berween the two. Such layers of low 
energy air are largely responsible for the difficulties 
experienced in maintaining streamline flow. They are 
deficient in momentum with respect to the main 
stream and tend to stop as the static pressure rises due 
to any deceleration of the main stream. When this 
occurs the viscosity of the air transfers momentum 
from the faster moving layers, to the slower moving 
layers and tends to keep them in motion. This process 
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CONSTRUCTION OF DUCTS 


will continue indefinitely so long as the static pressure 
lise acting to stop the main stream does not increase 
too rapidly. Rapid expansion in diffusers, hich veloci- 
tes over duct or cowl leading edges, and flow past 
stalled flaps all cause rapid rises in local static pres- 
sure and thereby induce flow separation. The violent 
turbulence created with separation makes it necessary 
to maintain higher velocities in the main flow than 
would otherwise be necessary. Thus it becomes evident 
that the second basic rule for the design of e ficient 
duct systems is the avoidance of ripid local static pres- 
sure rises which will in tern elrocinate the chief cause 
Of losses in all ducts, namel y Paw Separation, 


t t) aa 
good duct design is further emzhasized by the fact 


that it is impossible to accurately judge the increase 
in drag which results from separation at any point 
in a duct system. This is true because seraration at one 
point may increase the turbulence of the main stream 
and thus accentuate the inflzence of an otherwise 
minor disturbance farther downstream. 


The importance of this second basic srincicnle jn 
j 


Analysis—No two types of aircraf: have identical 
duct systems and, while much data is available on 
existing systems, it is impossible to analyze any new 
arrangement except by individual treatment of each of 
the component parts such as entrances, diffusers, 
bends, exits, etc. Thus, whether an analysis is being 
made to determine overall losses, rates of flow, exit 
areas required to obtain given flows, or drag charge- 
able to a duct, it still must be carried out step by step 
beginning with the free stream ahead of the inlex and 
continuing to the point of discharge. All enercy 
changes occurring between the entrance and point of 
discharge must be accounted for. 


The best available data have been included in this 
section for the computation of various types of losses 
and for the design of each parm; however, because of 
the presently undeveloped state of the art, some dis- 
crepancies do exist between results obtained by dif- 
ferent investipators. 


With the foregoing basic principles firmly in mind, 
attention will now be turned to the detatled design 
of various duct components with the expressed pur: 


pose of determining how cath can be made to per. 
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Duct utilizing internal stream expansion with no ex- 
ternal expansion. 


No exterior fairing required. 


Internal expansion follows conventional diffuser de- 
sign, ie. 26==8° maximum for undisturbed ap- 
proaching airstream which means that 26 =< 8° for 
most airplane applications. 


The sharp edged scoops required with this type duct 
are subject to excessive spillage and low critical 


Mach number. 


Duct with Internal Exponsion 


ate with the minimum pressure loss for the air flow- 
ing through it. 
INLET DESIGN 


The duct entry requires particularly careful design 
to prevent high internal and external losses. Funda- 


mentally, the entry serves to convert a part of the 


free stream dynamic pressure into static pressure which 
is used to force air through the duct. The conversion 
of dynamic pressure to static pressure is accomplished 
by expanding and slowing down the high velocity 
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air which strikes the duct entry. The method em- 
ployed to obtain this energy conversion and the 
eficiency with which it is accomplished are of ut 
most importance. It could be done entirely by means 
of a conventional diffuser with a maximum included 
angie of approximately 8 degrees. The resulting en- 
ergy conversion would be efficient but in most cases 
the resulting duct would he too heavy and too long 
for installation in an airplane. Fortunately there are 
two other methods of expansion which can be used. 
They are external expansion and combined internal 
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Duc utilizing external stream expansion with no 


internal ex pansion. 


Large external fairing required. 


ideal from interna) drag considerations because there 
are no internal diffused losses. 


fat of this type of scoop are limited because 
of the difhculty of providing the required fairing. 
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Duct combining external and internal and external 
expansion. 


Exterior fairing required. 


Diffuser following entry can have larger angles than 
those allowed for conventional diffuser design. 


For V,=.75V, 262105 Max 
Tor V,=.50V, 2@=13° Max 
For V,=.25V, 26=19° Max 


Combined Internal ond External Expension Duct 


and external expansion. For complete external expan- 
sion the iniet velocity and duct velocity are equal; 
thus, there is no internal expansion loss and from the 
point of view of internal drag it is an ideal entry. 
However, in order to obtain the required energy con- 
version in front of the inlet, a rapid divergence of the 
treamlines 1s necessary which in turn calls for a mas- 
sive externa] fairing. Thus, such entries are limited 
to positions where the required fairing is already avail- 
able or can easily be added. Such positions as a wing 
leading edge or the tip of a streamlined fuselage 
would be satisfactory for this type of inler. 


The most widely used duct entrance type, and one 
which is highly efficient, combines both external and 
internal expansion. This combination allows the use 
of smaller entrznce arcas than those obtainable with 
ducts utilizing only external expansion, which in turn 
reduces the amount of fairing required tc pive pood 
external flow and the required stream expansion. It 
also simplifies the design of the diffuser which comes 
after the entrance herause the external expansion fans 
the streamlines of the flow entering the duct so that 
they can more easily follow the diverging wails. 
Hence, for entrics utilizing both internal and exterial 


expansion it is possible to use jarger diffuser angles 
than for conventional diffuses design. 


Entry—For the first type of duct mentioned above 
no external fairing is required and a sharp edged 
scoop can be used. The air enters at free stream 
velocity and is diffused to the desired duct velocity. 
In the case of ducts employing externa] expansion 
only, air enters the duct at some velocity less than 
free stream and undergoes no further expansion. The 
ratio of this entry velocity, Veuer, to flight velocity, 
Veiients 1S Called the duct entry velocity ratio. To keep 
internal duct losses Jow it is desirable to have the ratio 
Vanet 


v.. low buat chis in turn PCGUITCS more external 
{tight 


fairing co give the proper amount of external expan- 
sion. Since losses from madcguate fairing are higher 
with low entry velocities chan with high entry velocices, 
itis advisable ro compromise berwcen the two re- 
quirements and seleve catios in the range of .4 to .G 
with some exceptions as discussed below. The same 
rules of velocity-ratio selection fer a given apphica- 
won apply to a duct uuhizing combined internal and 
external expansion as well as to one vulizing external 
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expansion only. However, by using both types of ex- 
pansion it is more often possible to arrive at a con- 
figuration which is optimum for existing conditions. 
In practice, boundary layer and critical Mach number 
considerations alter the range of entrance velocity 
ratios which can be used. For instance: Ratios as low 
as .3 to .35 have been used successfully for wind 
ducts whose entries were located at the stagnation 
point of the airfoil where there is virtually no bound- 
ary layer. Below this range the air flow into the duct 
becomes unstable and lower ratios should not be used. 
Scoops Jocated on a fuselage or nacelle are greatly 
affected by the boundary layer which often is of con- 
siderable thickness, ranging from almost zero near 
the front of a fuselage to 2 inches and more at the 
lower rear where some under slung scoops have been 
located. In such cases the scoop extending into the 
airstream Causes a large static pressure rise (negative 
pressure gradient) which in turn causes the slow 
moving boundary layer to separate from the skin 
and to blank off the lower portion of the scoop. This 
seriously affects the duct performance and in effect 
decreases the size of the inict. To overcome this 
problem such scoons are sometimes raised above the 
skin enough to place the lower cdpe above the 


boundary layer with an undercut to allow the low 
y) 4a} 


energy aif to pass around the duct and into the air- 
stream without entering the scoop. This method is 
satisfactory from a pressure recovery standpoint but 
the extra skin area, which the undercut exposes to 
the airstream leads to increased drag. Another method 
of boundary layer disposal is to provide a small slot 
across the fusclage beneath the scoop lower lip which 
exits at ¢ach end into a Jow pressure area and bleeds 
the boundary layer away from the entrance. The use 
of an entrance ratio of .5 to .6 tends to decrease the 
Negative pressure gradient and thus helps to eliminate 


breakaway of the boundary layer at the scoop en- 
trance. 


Undercut Type Scoop 


oe 


Boundary Leyer Control Bleed 


Flush Entry Type Scoop 
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Actually, while low internal duct velocities are 
Moch Number Relotionship to Airplene highly desirable, most external efects tend to make 
high duct entry ratios necessary. This is also true of 
critical Mach number considerations. Mach number 
is the ratio of the local velocity in question to the 
speed of sound at the local ambient temperature con- 
dition. Critical Mach number is the ratio of the for- 
ward velocity of a moving body to the local speed 
of sound, where the Mach number of some portion 
of the body becomes approximately egual to unity. 


60 Vv ‘ 

-_ Critical Mach No. = 2! When (2% = 1 (Approximately) 
\ \ S&cuned Veuund 

As the velocity of air entering a duct de- 
\ | creases, the differential berwcen the dud 
30 BRN flow and slipstream increases making the 
flow over the duct ip approach the speed 
of sound. As the velocity of air entering 
- | \ oe a duct increases, the reverse is true. Thus 
40 it 18 seen that an increase in the duct entry 
iN ratio will help to raise the critical Mach 
number of a scoop. Since the speed of 
NY sound decreases with absolute temper- 
Pf ff ON ature (4.€., with increase of altitude) 
30 P scoops of high altitude, high performance 
Poff TIN m airplanes tend to become factors in Iimit- 
ing airplane top speed. Thus it becomes 


doubly important to avoid high velocities 
over scoop lips and it may be necessary 

AN to use inlet ratios as high as .75 in some 
cases. 
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Aspect Rotio—Anmher variable in the design of 
scoop entrances is the aspect ratio to be used. The 
aspece cago ts defined as the widih of a duct inlet 
divided by its depth. Selection of a duct entrance 
aspect ratio, like all other airplane Jesipn considera- 
tions, is a compromise determined by a number of 
conflicting factors. As will be shown later, internal 
duct losses in bends of a given cross sectional area 
can be drastically reduced by use of aspect ratios as 
high as 5 or 6 while wind cunnel tests indicate that 
the best entry aspect ratios may vary from 2 to 4 or 6, 
dependent upon the particular design considerations. 
Ability to properly fair a duct into the nacelle, fuse- 
lage, or wing contour must often influence aspect 
ratio as much as pressure recovery considcrations. 
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SECTION A-A 
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SECTION 8-8 


Duct Inlet Twisted Inte Propeller Slipstreom 


With over-cowl ducts on single engine airplanes 
the aspect ratio becomes important for other than 
duct design considerations. Minimum line of vision 
requirements set up by the military services often make 
it absolutely imperative to use high aspect ratio ducts 
and inlets. 

Few data are available to show the effect of rwist- 
ing the duct inlet into the propeller slipstream but 
for one case, this confipuration with an angle of 80 
degrees between the thrust axis and the SCOOn cn- 
trance face, the increase amounted to approximarcly 
3 percent at an inlet velocity ratio of .4. All modern 
airplanes can operate over a reasonably wide range 
of speeds and altitudes which means that the airflow 
requirements for the duct systems will vary widely. 
Even when mass airflows remain constant repardiess 
of altitude, duct velocities will change because of the 
effect of changes in air density on the number of cubic 
fee: of air required to make up the mass flow being 
used. For example, the high speed (TAS) of an air- 


plane at 30,000 feer equals about 1.4 times the sea 
level high speed (TAS) while the volume of air taken 
in the carburetor air duct equals nearly 2.75 times 
the sea level volume for a given required mass flow. 
Therefore it is impossible to design a fixed area duct 
entry which will be optimum under all flight condi- 
wons. Instead, the most important airplane flight con- 
ditions must be selected and a compromise made 
which will bese satisfy them. This situation had led 
to the sugeeson of variable duct inicts and the probs. 
lem may become important enough at some future 
date to warrant the necessary added complication. A 
simple partial solution to this problem lies in the use 
of a common air intake and expanding duct (or 
plenum chamber) placed below the engine at the 
front of a fuselage or nacetle. By taking oil cooler 
air, intercooler cooling air, and carburetor air at low 
velociuics and high static pressure from the nicnum 
chamber, duct losses arc kept low and advantace is 
taken of the changes in air requirements for all three 
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PLENUM 
CHAMBER 


Plenum Chamber Applicetion 


purposes as altitude and power are changed. For ex- 
ample, oil cooler requirements decrease with altitude 
and tend to balance intercooler cooling air and carbu- 
retor air requirements which increase with altitude. 
Thus the fixed duct inlet operates at a velocity ratio 
which is more nearly optimum. A similar arrange- 
ment for liquid cooled engines would employ the 
ethylene glycol radiator and oil cooler, whose require- 
ments decrease with altitude, to offset the effect of the 
inter-cooler cooling air and carburetor requirements 
which increase with altitude. 


DIFFUSER DESIGN 


As previously discussed, it is necessary to eliminate 
large separation losses in order to achieve an efficient 
duct system. Duct inlet fairings are designed to give 
the lowest possible external drag and their entrance 
areas are calculated to give maximum efficiency at a 


Vout : 
predetermined Vo, fatio. Generally the resulting 
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internal duct velocity is high enough to cause appreci- 
able losses unless it is further decreased. This de- 
Crease in velocity can be achieved by means of an ex- 
panding duct (of any cross sectional shapc) called a 
diffuser whose walk diverge in some consistent man- 
ner for the purpose of transforming the kinetic energy 
© flowing air to static pressure. By varying the diffuser 

lensions it 1S possible co obtain widely different 


efficiencies for conversion of kinetic to potential 
energy. An expression for diffuser efficiency, N,, can 
be obtained as follows: consider a duct which ex- 
pands from an initial Area A, to a final area A,. Let 
p,, V, and p,, v, he the average pressures and average 
axial flow velocities at the duct entrance and exit, re- 
spectively, and Iet Q equal the volume flow through 
the diffuser. Neglect the small change in air density, 
p, due to the expansion. Then the kinetic energy pass- 
ing through A, in unit time is >4pv?. A,v?=q,Q, 
and, similarly the energy passing A, equals q,Q,. The 
power input to the diffuser is then ¢,Q, — g,Q,. 


4 
The energy transformed frum kinetic to potential 
(static pressure) is the power cutput cf the diffuser 
and is equal to poA.v, —f,A,v, of p,Q: — p,Q,. 
The efficiency of a given diffuser as an energy con- 
verter equals 


Ryne CPM cs PPD) 
Input qiQi == 12Q; 
Bur the same volume of air flows through every sec- 


won of the diffuser, 1¢., Q, = Q, and, therefore, the 
expression for efhcicncy becomcs 


Ns eee 
9.7 92 
The most important factor affecting the efficiency of 
a diffuser is the increase in arca per unit of Iength 
which is called the expansion ratio. This factor de- 
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mines the magnitude of the pressure gradient which 
acts to Slow the boundary layer along the walls. As the 1.0 
positive change in area per unit of length increases, 
the angle, 2G, between the diffuser walls also in- 
creases. The efficiency is 80 percent or above for all 
these diffusers at angles of 2@ less than 12 degrees. os 
Ac the same rate of expansion, 3.¢., the same increase 
In area per unit length of duct, diffusers can be classi- 
fied according to their cross sectional shapes, in the 
order of their peak efficiencies as follows: 06 


1. Conical diffusers 


2. di 7) X PETERS A./A, = 2.34 
SS aaragies Q GIBSON A./A, = 4.00 


3. Rectangular diffusers 04 —1 EIFFEL A./A, = 2.5 
It is eviden: that, for a given increase in area per unit —2 EIFFEL A./A, = 4.0 
length, air in the corners of square or rectangular dif- — J EMRFEL A./A, = 9.0 
fusers undergoes greater expansion than any of the air 
passing through a conical diffuser, which in turn, 02 


means higher turbulence losses. The illustrations show 
the variation of maximum efficiency » with the ex- 
pansion angle 26, for both conical and rectangular 
diffusers. fe) 


The fow conditions existing before and after a dif- 
fuser materiaily affect its energy conversion eMciency. 


Maximum Efficiency of Conical Diffusers 


o— ~~ FLOW WITH ROTATION 


0.8 


04 


C) GIBSON A./A, = 4 (2 DIVERGING WALLS) 
X VEDERNIKOV A./A, VARIABLE (2 DIVERGING WALLS} 
02 A GIBSON A /A, = 4 (SQUARE SECTION, 4 DIVERGING WALLS) 
VULLERS A./A,=2.55 (RECTANGULAR SECTION, 4 DIVERGING WALLS) 
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The differences in experimental results obtained by 
Various investipators may well be partially ateributable 
to differences in entry and exit conditions of the duct 
units being tested. The accompanying illustration 
shows graphically the differences in efficiency at vari- 
Ous expansion angles for a conical diffuser with two 


diffcrent entry configurations. W’hen ee = 0, which 


F 1 
means no entry duct ahead of the diffuser, the flow 
into the duct was very nearly constant over the whole 


. : / 
inlet section. When D = 30, the flow into the dif- 


3 ° e 
fuser was turbulent; i.e., the velocity varied as the } /7 
power of the distance from the wall, rising to a maxi- 
mum at the center of the duct. Comparing diffuser 


efficiencies at the cwo values of om in the figure shows 


1 : 
that turbulence reduces N, by about 7 percent in the 


range where 2@ is greater than ‘5 degrees and Icss 
than 30 degrees. 


Conversion of Energy—Gencrally, complete con- 
version of kinetic to potential energy is not accom- 
plished in the diffuser but is continued in the duct 
which follows. The pressure continucs to rise aft of 
the diffuser exit until it reaches a maximum ata POsi- 
uon from two to six times the duct diameter. The 
position of maximum pressure depends on the angle 
of expansion and on the flow conditions at the dif- 


Ee 
fuser entry. For large values of. ie., for turbulent 
° . ° I 
flow conditions at the diffuser entry, the length of 
duct, /,, following the final section required to give 


maximum pressure rise is about 6D, for all values 


Reference: “SAE. Aeronautical Information Report Number Two; Airpiane Heating and Ventilating Equipment. 
1943 prepared by Committee A-9, Aircraft Arr Conditioning Equipment, Society of Automotive Engineers, Inc. 


of 20). For small valucs of aon where the boundary 


. ’ e . . e 
layer is very small and the velocity distribution over 
the inlet section therefore is neatly constant the length 


of duct required following a diffuser iS approximately 
bs = 4.0 at values of 26 =8 deprees. The fore- 


z 

Bing discussion on entry and exit conditions is based 
on data on conical diffusers presented in the S.A_E. 
Aeronautical Information Report Number Two.* The 
same characteristics should also he exhibited by dif- 
fusers of other cross-sectional shapes though the peak 
efficiencies, locations of maximum pressure, etc. will 
be somewhat different. 


It is not possible to accurately determine the effect 
of Reynolds number upon diffuser efficiency because 
fittle cest data is available. Indications are, however, 
that this effect is small over the range encountered 
with conventional installations. Airplane space and 
weight restrictions are factors which also affect dif- 
fuser efficiency by making it necessary to comproniise 
ideal designs. Two special cases of diffusers are often 
encountcred which need to be considered separately. 
They are the expansion arcas which occur Cirecz}s be- 
hind duct inlets culizing partial external exransicn, 
and diffusers followed by heat exchangers or flow re- 
sistances. In the first case, the diverging streamlines 
at the duct entrance help prevent breakaway in the 
expansion arca and thus make it possible to use larger 
expansion angles without excessive losses. The illus- 
tration shows the proper angle to be used with a given 


Vonet 


ratio. 
Veiient 


Engineering Data,” January 2, 


For V,=.745V,, 2€3=10° Max 
For V,=.S0V, 26 =13° Max 
For V,=.25V, 265 =19° Max 


Duct Entronce Angle Reloticnship 
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Ouct Entrance Angle Relative Loss Effect 


In the sccond case the flow resistance helps to pre- 
vent breakaway by crowding the streamlines against 
the diverging duct walls. This also makes it possible 
to use large expansion angles without prohibitive 
losses. Such diffusers can be laid out by starting at the 
duct entrance with an 8 depree diffuser and at the 
resistance with a 20 degrce to 30 deerce diffuser and 
then projecting the elements from each end until they 
intersect. Check the ratio of the area at the resistance 
to the arca where the two cones intersect. If this ex- 
pansion ratio 1s approximately 1:3 the diffuser is satis- 
factory. To complete the duct, a smooth curve can be 
drawn in by using the straight clements as guide lines. 


In the case of some duct resistance combinations it 
is sometimes desirable to place the resistance at an 
angle to the direction of flay through the duct. Tests 
have indicated that in such cases duct flow Josscs are 
only slightly increased for angles less than 60 degrees 
and the flow distribution through the heat exchanger 
remains fairly uniform. 


*Relerence: “Corner Losses in Ducts” fram Aucralt Engineering, August 1937 


LOW 
B LOSSES 


HIGH 
B LOSSES 


As the angle between the straicht walls of a conven- 
onal difuser is increased. the flow becomes unsym- 
metrical and separation occurs at one wall near the 
entrance. By modifving such a diffuser to have curved 
walls with a small diffusion angle near the entrance 
which gradually increases with length, the point of 
flow separation can be postponed and losses will con- 
sequenuy be materially decreased. 


ELBOW DESIGN 


A duct systomn. Pre oa chain, ts one better than its 
poorest component, Often the poorest parts are cor- 
ners, for acas in ther design thar space dimitations are 
most severcly fel. The following rarsgrephs dealing 
with the corner dosses an ducts are quoted from a 
paper of the same tile writen by G. N. Patterson, 
Ph.D.* They ably itfustrare the methods to be fol- 
lowed in the desten of efficient bends and cibows. 
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@=90° a= 56°30’ S/C=0.47 


S=60° «a= 36° S$ C=0.54 


CHAS? g=33°18 S/C= , 
Figure 7——€ffect of Chenges 
in Profile of Vores 
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“Corner Losses tn Ducts 


“Design Factors—The variables entering into the 
design of a bend in a duce of constant cross-section 
are the following: (Figure 1 (a) ) 


© = Angle through which the air is deflected by 
the corner. 


R = Radius of curvature of the axis of the duct. 
D = Diameter or width of the duct measured in 
the same plane as R. 
W = Height of a duct of rectangular cross-section. 
A = Area of cross-section. 


“The resistance of a corner is determined from the 
loss of head around the turn, and in che case of a 
duct of constant cross-section, the loss of head is 
measured as a drop in pressure. The above notation 
is completed as follows: 


p = Mean static pressure at any section in the duct. 
v = Mean velocity of flow through the duct. 

p = Coefficient of viscosity. 

p = Density of air. 


"The equation relating Ap, the pressure drop 
around a corner, with the dimensions of the corner 


and the properties of the Auid motion has, therefore, 
a general form 


ECAP, w, p. ¥, D,R, A, C) =0 (1) 


By the methods of dimensional analysis this equation 
becomes 


Ap _ pDv R A, 
tS (= Dp 2 


The loss arourd a corner referred to the dynamic head, 
which may be denoted as the resistance coefhcient ™ 
therefore depends on the design factors: 


Q) R/D= 
(2) A/D = aspect ratio, 


radius ratio, 


(3) @e@= ae of deficction, 


and on (4) 2, the Reynolds number, which re- 


ps 
laces to the state of the flow. 


“Rounded Corners—The amount of rounding of a 
corner is determined by the value of the radius ratio. 
The variation of the corner loss with the radius ratio 
for an angle of deflection 90 degrees has been in- 
vesupated hy Wire for the case of a duce with a square 
section and by Hofmann for a circular section. The 
effect of increasing R/D on » is shown in Figure 2. 


“Tt ts clear that, by rounding the corner, large re- 
ductions in the loss are possible. Fipure 2 indicates 
further that a circular seccion ts better than a square 
section. To obtain a value » = 0.15 the radius ratio 
must be about 2.8 for a duct with a square sccuion 
and abour 2.0 for the case of a circular section. 


DESIGN 


“Wirt has shown, however, that the square section 
may be much improved by changing it to a rectangle 
so that the turn ts made on the short side, that is, the 
loss can be decreased by increasing the aspert ratio 
(A/D? or W/D, Figure 1 (b)). The cffect of aspect 
ratio on the curve of » against R/D is shown in Figure 
3. As the value of W//D ts increased, the curve is dis- 
placed to a lower position, indicating an improvement 
in the corner characteristics. 


“For a duct with a rectangular section, therefore, 
a very efficient corner may be produced, if the values 
of both the radius ratio and the aspect ratio are kept 
large. Various combinations of R/D and W/D will 
give a low value of ». A curve of W/D against R/'D 
for » = 0.15 is shown in Figure 4. From this curve 
may be obtained the corresponding values of R/D and 
WD which are required to produce a low corner 
loss. 


“The third variate upon which the corner loss 
depends is the angle of deflection (G:). It is to be ex- 
pected that the value of » increases as © increases. 
This is seen in Table I which indicates the change in 
y with & for the three designs shown in Figure 1 (c), 
(d), and (e). These values are obsained from che 
results cf Keiber, Weisbach, Kirchbach, and Bou- 
chayer. For ancles less than about 30 degrecs the value 
of » 18 low for each type of corner, so that careful 
design ts not necessary at these small angies. At larger 
angles of defiction, however, the values of the resise- 
ance coeficient vary widely with the design. The ad- 
vantage of rounding a corner is clearly seen by com- 
paring the reselis for Figure 1 (d) and Figure 1 (e) 
in Table 1. The latter indicates further that the low 
corner loss obtained when the radius ratio is large 
holds also for angles of deticction less than 90 degrees. 


“The rance of the Reynolds number in which Wirt 
Carried out his tests appears to be about 10* to 10°. 
In a short series of tests on scale chert Wirt found no 
appreciable change in the measured Josses when the 
Reynolds number was raiscd co three times its original 
valuc. There scems to be insufficicnt data at the mo- 
ment in regard to the variation of the loss in rounded 
corners with the Reynolds number. However, the ex- 
perimental resulrs given above apply to the range of 
the Reynoids number most Likely to occur in practice. 


“The large Joss arcund a corner is due to the sepa: 
ration of the Now from the inside wall of the turn. 
Downstream from the corner there is a stagnacoa 
pomt near the :nside wail beyond which the velocity 
distribution becomes uniform again. Hoche duce is 
terminated immedratcly following the corner, the turn- 
ing of the air as less complete and the actual angle 
through which the air ss deflected may be less than @, 
The tendency fer the arr to separate frem the inside 
wall of the turn ss therefore proater and the resistance 
of such a corner as larger chan thar of the same corner 
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foliowed by a long length of duct. Wirt has found 
that for a 90 degree Comer the increase in y duc to 
cutting the duct short after the corner is about 0.10 
and his results further indicate that co climinate this 
effect the corner must be followed by a length of duct 
at Icast four times the width (d). 


“Various kinds of efficient rounded corners are 
therefore available for the designer. The character 
istics of each corner required to give » = 0.15 for an 


angle of deflection of 90 degrees may be summarized 
as follows: 


(a) Crrcular section: RD = 2. 
(b) Square section: R/D = 3. 


(c) Rectangular section: values of R//D and WD 
as obtained from Figure 4. 


Minimum values are quoted above. If lareer values 
of R/D and W/D are chosen, the resistance coef- 
ficient will be less than 0.15. 


“The designer may find that other restrictions make 
impossible the use of one of the efficient corners de- 
scribed above. A corner may have a low radius ratio 
and/or a section of smal! aspect ratio. By means of 
Separators such a corner can he divided inro compart. 
ments, each having good valucs of RD and W’,D. 
The corner loss will be reduced to a low value, but 
7 will in general be increased above that of the types 
described abeve by the Joss assuiated with the skin 
friction on the additional surface arca introduced 
by the separators. The number and area of the sep- 
arators should therefore be kept small. 


“In some cases a sharp corner may be unavoidable 
and vanes must be used to reduce the corner loss. 
Such corners, however, can be made very efficient. 
In fact the value of » can be reduced to the same 
order as that for a well-designed rounded corner. In 
this case the design problem deals mainly with the 
Spacing, incidence and shape of the vanes. 


“Corners With Vanes—-A 90 degree corner fitted 
with vanes ts shown in Figure 5. The following 
notation will be used: 


c= Gap betwecn the vanes measured alony the 
corner dizgona}. 


¢ = Chord of the vances. 
a = Incidence of the vanes. 
pctv 
—— = Reynolds number based on the chord of the 
vanes. 


“The loss around a Sharp corner is duc largely to 
the zero radius ratio. If the junctions of the duce 
walls on the diagonal are smuothed out and vanes 
added as shown in Fipare 5, the COMPAreMenls So 
formed may be made to have a pood radius ratio 
and a high aspece ratio. Since in most cases only a 


few vanes are Necessary FO BIve a Pood aspect ratio, 
the problein is essentially one of se uring a pood 
radins ratio, 


“The radius ratio and aspect ratio of cach compart- 
ment is increased by reducing the gap/chord ratio, or 
s/c. It is to be expected therefore that the corner 
loss will be reduced as the ratio SCs dareascd. 
However, since cach additional vane adds more sur- 
face area and increases the blockage, the losses asso- 
ciated with these conditions will finally begin to 
appear at low valucs of s/c. Vhere is therefore a 
value of the gap,chord ratio at which » is a minimum. 
This is verified by the results of Klein, Tupper and 
Green for a thin vane having the shape of the arc 
of a quarter cirele and placed in a 90 dcerce corner. 
The curve of » against s-¢ is shown in Figure 6. 
The value of the corner loss cocthicient decreases from 
O.75 at s‘¢C=1 to 3 minimum value of 0.20 2t 
$/C = O.4S8 and thin begins to increase for smelter 
Valucs of the gap,chord ratio. The Reynelds number 
at which this test was made ranged between 104 and 
10°. 


“The tests on circular vanes were carried out 2: 
a= 45 degrees. An imestipation of the effect of 
the incaidence of di vanes on the corner loss showed 
that incidence is not very critical. Over a range from 
a= 5 degrees to a = 80 degrees the commer Joss 
Sa muniinum. On cach wde ef us range, however, 
the value of 5 inteases fairly rapidly. The effect of 
a change in incidence is mzinty to altcr the direction 
of the flow downstream from the comer. The ten 
dency to be guarded arainst is under- or over-turning 
the air by making the incidence too small or too 
large. In the case of a circular vane a may be set 
symmetrically at 48 deurces with cvod results. 


“Further tests made by Klein, Tupper and Grecn 
on other vances of both thin and thick section. the 
laticr being similar to those used in wind tunacls, 
and tests made by Wirt on vanes of thin section, indi- 
Cate that the min:mem value of fies between 0.20 
and 0.25 in all cases. The thin circular vane is 
therefore quite as satisfactory as many alternative 
shapes. Owing to the ease of constraction, these 
vanes are particularily adartable to many practical 
Cases. 


“The cfet of reducing s/c and adjusting a has 
been the cHimination of all reseons of stalled flaw 
eiheroon the duct walls or the vanes. ‘Tho comer 
Joss is naw dae Chic, to the drag assacieed with 
the profile of the vane in a field of curved strcam- 
line How. Any further reduction of the comer loss 
must therefore come from a more detailed considera: 
von of the prolile of the Vathic. 


The Tones dus Fiscal Up a) thie ures nf show thar 


Luc mininum valuc of s has noc ben eroody affected 
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by changes in the profile of the vanes. However, a 
theoretical investipation of the problem of vane shape 
has been made by Keiber. Profiles were derived on 
the basis of the fact that the circulation around cach 
vane must be that required to deflect the air through 
the given angle @. The profiles obtained for de- 
flections of €) = 90 degrees, 60 degrecs, 45 degrecs, 
and 30 degrees are shown in Figure 7 along with the 
values of s/c and @ required to give a minimum 
corner loss. The dimensions of the profiles are given 


in Table IH. . 


“The results of experiments made on these vanes 
at a Reynolds number of 4 X 10° are given in Table 
HHT. Ye will be seen that y has now a value of about 
0.15 when «3 = 90 deerees. The sharp corner fitted 
with the Keiber vanes is as cflicient as a well-designed 
rounded corner. A further point of interest shown 
by Table HI is that the loss araund two successive 
90 degree of IS degree corners is about twice that 
around one corner. 


“In designing vances for 2 given sharp corner the 
chord must be arbitrarily chosen. It has been pointed 
out by Klein, Tupper and Green thar the corner loss 


varies with the Rernolds munwver oy ie, with the 
4 

magnitude of the chord. A sho-t investigation indi- 

cated thar the corncr loss de. eases appreciably as the 

Reynolds number increases. Tests were made on two 

sets of vanes having the same shape. incidence and 

fap/chord ratio, but with cheris of 112, inches and 


G inches. For the small vanes the nunimum corner 
Joss was found to be 1.4 of that for the larger de- 


Ol 
COCIULE 


fextors. This result: shows that vanes with a faree 
chord should he ehosen in preference to those with 
aosmall chord. 


“The following conclusions may therefore be drawn 
on the reduction of losses around sharp corners: 


(a) The resistance cocfhcient for any sharp cor- 
Rer can be considerably reduced by using vanes and 
Spacing them so that cach compartment formed by 
the consecutive vanes has a hiph radius ratio and a 
large aspect catia. In the case of a 90 degree corner 
fitted with circular arc Ueflectors the loss can be te- 
duced from 1.60 (sharp corner) to 0.20 if s/¢ = 0.45 
and a = 45 degrees. 


“(b) A further reduction in corner loss is obtained 
from considerations of vane profile. Efficient profiles 
for A = 90 degrees. 60 dezrees, 48 deerees, and 30 
deerecs are given (Figure 7 and Table I) aiong with 
the valucs of s cand a whith give a minimum value 
for »." 


EXIT CESIGN 


General Requirements—-A coed ductoxi has been 
described as a smooths converging passage that opens 
downstream. With sich a duct the losses are inher- 
catly low at rcasonable Cire is cxercised in ts design, 

3 
Cal oxit qansidranons, the most commen System 
encountered in aircraft practie invelves a duct which 


excluding carburcror amr divts which reco: no spe: 


supplies air to seme Rind of heat exchanger or flow 
resistance. Since the free passage area ot most such 
resistances as Only about $0 porent of the face arca, 
it becomes necessary to greatly capend the supply 


Guide Vone Instollotion in O:l Cooler Duct 
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duct before the unit and to contract the duct leaving 
it. This contraction of the exit passage crowds the 
fluid streamlines together and greatly reduces Josses 
from flow separation within it. The friction losses 
remain unaffected but they are quite small. 


With such ducts the greatest difficulty is encoun- 
tered in designing and locating the exit opening and 
flap if one is used. The required exit areca is computed 


by the formula for continuous flow, A as where 
Q is the volume flow previousl; determined for the 
duct but corrected for the decrease in density caused 
by addition of heat in the cooler. The exit velocity, 
V, is determined by the exit dynamic pressure which 
is the difference between the total pressure of the 
air just inside the cxit opening and the static pres- 
sure just outside the opening. The total pressure is 
the difference between free stream total pressure at 
the duct entrance and the losses present in the duct 


EXIT COEFFICIENT, %, % OF EXTERNAL DYNAMIC PRESSURE 


system.” These losses include entrance, diffuser, re- 
sistance, bend and contraction Josses. If no flap is 
used, the static pressure jut outside the exit is simply 
the static pressure of the external flow in that vicinity. 
For most positions along a fuselage, the local static 
pressure will be very nearly equal to the free stream 
static pressure. The following table indicates how the 
Static pressure may vary from the free stream static 
at other locations on an airplane: 


At skirt of cowling with 

flaps closed ow... — 0.19, 
On upper surface of a wing 

depending upon chordwise 

location and angle of 

QUACK dicted cae ase ele — 0.1g,t0 — 1.0q, 
On lower surface of a wing 

depending upon chordwise 

location and angic of 

attack 


| 


| 
COWL EXIT PRESSURE = P STATIC + q. (2. + 7) 


Tl, = AVERAGE PRESSURE COEFFICIENT AT EXIT FOR FAIRED FLAP. 
q. =q CF SLIPSTREAM IN EXIT REGION 


ESTIMATED FOR FLAPS 8” OR GREATER IN CHORD LENGTH 


FLAP ANGLE—DEGREES 


Effect of Flop Deficction on Stotic Pressure in the Exit 
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A flap will be generally used at the exit of the types 
of ducts being considered in order to adjust the air- 
flow to meet varying requirements occasioned by 
changes in engine power, airplane altitude, airplane 
angle of attack or outside air temperature. This ar- 
rangement makes possible maximum duct efficiency 
and minimum cooling drag. When such a flap is ex- 
tended at some angle to the surface ranging from 0 
to 30 degrees and depending somewhat on the flap 
chord, there is provided beneath the flap a static 
pressure less than the static pressure of the external 


30 


25 


DRAG — Cie - SV- 


S = SQUARE FEET 
V=F. P. S. 


COWL FLAP ANGLE—DEGREES 
_ a) 
on oO 


oO 


flow by an amount ranging from zero to 0.5 of the 
local external dynamic pressure. This provides an 
important increase in pressure drop available across 
a duct, which is particularly important in climb. At 
angles above 20 degrees the flap begins to stall and 
the drag increascs rapidly. Thus the importance be- 
comes evident of keeping duct losses low so that the 
exit flap will never have to be opened more than 
20 degrees. At angles above 30 degrees a flap ordi- 
marily gives no additional decrease in local static 
pressure and thus does not give additional airflow. 


FLAP FORM DRAG COEFFICIENT C,,,- 


Flop Form Drog Coefficient vs. Cow! Flop Angle 
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SHORT FLAP 


- 
Eh 
ot 
LONG FLAP 


Some Exit Arco Con Be Obtained with a Long Flop 
with Less Induced Exit Air Drag 


With short span non-continuous exit flaps the in- 
sase in drag is caused by turbulent flow over the 
ter edges. By putting sidcs on such flaps their 
ag characteristics can be materially tmproved with- 
at impairing the pumping action, Ver efficient de- 
en the trailing edge of a flap should be the minimum 
: controlling portion of the out! passage. 


At this point it is worthwhile to nete and to dis- 
ourage a general method which has sometimes been 
mrioved co dispase Gf exit air frond dant systems, 
This plan consists of dumping the waste cir into an 

accessory Compartment, wheel well) cr wing by mcans 
of an abrurt expansion and then allowing 1 to driniie 


‘through incidental openings. This air loses 
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what dynamic pressure remained after it passed 
through the duct resistance and, therefore, leaves the 
airplane at zero velocity with respect to the airplane 
slipstream. This induces fuselage or nacetle bound- 
ary layer berldup and thus presents the worst possible 
drag condition. In additien, at decreases the max- 
mum pressure drop obtainable. With very low 
performance airplanes this practice can be tolerated, 
but with high performance craft it should be care- 
fully avoided. 


CARBURETOR AIR DUCTS 


Basic Functions—In des:ening a carbarctor arr duct 
the ceneral principles provieusly enumerated should 
be followed. bur in addrion there are several other 
factors which will be brictiy considered here. 


The purpose of such a duct is to convey the proper 
amount of clean air to the engine at ali times under 
all altitude and power conditions and during all 
kinds of weather. Now sirce the cntrance for any 
duct is generally fixed in area it is impossible for 
the indct vclocity rao to be optimum under every 
condition and this means that cach desiga ts a special 


Select Corburetor Ais Scoop for o Specific Purpose 
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case which muse be tailorcd for the flipht condition 
whith is likely co be most importante during  sub- 
sequent operation. For military airplanes the optimum 
duct performance may be desired at military power 
critical alcitude in level Might while a commercial 
airplane may be designed for optimum efficiency at 
Cruise powcr in level flighr. 


It is not only necessary to obtain good ram re- 
covery with a given duct, bur it is also essential that 
air delivered at the carburetor top deck have cqual 
pressure distribution over the duct cross-sectional 
area, For conventional engines there is always ap- 
proximately a 90 degree bend juse before the air 
enters the engine and this materially complicates the 
problem. Uneven air distribution adversely affects 
carburetor fuel metering and has in the past caused 
considerable operationa! trouble in installations where 
it was not corrected before airplanes reached pro- 
duction status. Many cases of supposed carburetor 
malfunctioning have been traced to “scoopitis” which 
is the term employed to describe the deleterious effects 
of poor air and fuel distribution. 


Even with the best equipment and experienced 
personnel it is a dificult, lengthy and expensive 
process to remedy “scocpitis” by flight testing. There 
are tco many variables insolved which cannot be 
properly evaluated. For this reason it has been a 
policy of the Wright Acronautical Corporation to 
request each company designing or extensively modi- 


ENTRANCE SCOOP WALLS 


CARBURETOR SCREEN 


CARBURETOR VENTURI 


fying an induction system for a Wright engine to 
send that system on loan to the Wright Aeronautical 
Corporation for airbox tests. In the airbox various 
altitude and power conditions can be simulated and 
vancs, fillers, splitters and other “fixes” can be tried 
in order to make the carburctor scoop combination 
meter within the guaranteed limits. It should be 
Noted here that, while airbox tests do not exactly 
simulate actual airplane flight conditions, experience 


has shown quite satisfactory resules to be obtainable 
in this manner. 


CARBURETOR DE-ICING REQUIREMENTS 


Induction system icing has always been and still is 
a hazard to safe operation of aircraft. There are two 
general types of induction system ice; namely, atmos- 
pheric and refrigeration. The first occurs when an 
airplane strikes a concentrated cloud of super-cooled 
moisture which immediately passes from the liquid 
to the solid state and forms ice on the airplane. This 
kind of ice affects the whole airplane but only its 
action with relation to the induction system will 
be discussed here. The atmospheric ice, as it is called, 
usually forms on wing cowl and scoop leading edces. 
It can quickly and completely biock all air flow 
Into an air scoop. On the other hand it may coat the 
inside of a duct, form on carburetor: impact tubes 
and disturb fuel metering without completely block- 
ing the duct. | 
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Locations Where Atmospheric Ice Is Most Likely to Form 
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Refrigerstion Ice Formation 


Refrigeration ice is formed in aircraft engine in- 
duction passages when moisture in the charge air 
gives up its heat of vaporization and turns to ice 
following the addition of fuel to the asrsercam. If 
unchecked the ice will eventually All the whole in- 
duction passage and cause engine stoppage. This type 
of ice can occur at outside air temperatures as high as 
80°F on a clear day when the humidity is less than 
100 percent. However, laboratory tests indicate that 
Wright engines do not experience severe icing until 
moisture concentrations in excess of 100 percent 
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relative humidity are encountered. Engines utilizing 
direct fuel injection eliminate most hazards of re- 
frigeration icing because no fuc! is present in the in- 
duction system. There are in use two general meth- 
ods of overcoming the hazards of induction system 
icing. 

Method 1. The use of hot air from an alternate 
source to melt the ice or prevent its formation. 


Method 2. A combination of hoc air from an 
alternate source and alcohol injection provisions at 
the carburetor top deck. 


The so-called 40 degree preventive preheater plus 
alcohol and the 100 degree preheater adopted by the 
CAA in 1940 have been used extensively with vary- 
ing degrees of success. Scill other operators have con- 
sidered it necessary to use a higher amount of pre- 
heat with and without alcohol. 


Attempts to determine, by laboratory and flight 
tests, the optimum ice prevention arrangement have 
indicated the desirability of determining by tesr the 
actual icing characteristics of each engine model since 
they vary greatly. However, inadequate test informa- 
sion has dictated the necessity for establishing re- 
quirements, for the present, based on two or three 
major fuel metering classifications. After surveying 
the available NACA laboratory test data as well as 
reports from the services and foreign countries, the 
Wright Aeronautical Corporation has formulated a 
set of recommendations on induction system de-icing 
which it believes to be desirable in modern aircraft 
to provide the required safety of operation. They 
are as follows: | 
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Remedies to Prevent Induction System Icing 
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Corburetion Engines Using Pressure Corbur- 
etors— 


(a) 150°F carburetor air temperature rise above 
an OAT of 30°F when there is no free mois- 
ture in the air. 


(b) Alcohol sufficient for 20 minutes of continu- 
Ous opcration at the maximum recommended 
flow rate should be carried for emergency use. 
The maximum recommended alcohol flow rate 
for Wright engines is 85 Ih,’hr (Or 130 lb/hr 
if screen is used at carburctor top deck.) 


(c) Teste method. See chapter 10. 


Fuel Injection Engines— 


(2) 100°F carburctor air temperature rise above 
an OAT of 30°F when there is no free mois- 
ture in the air. 


(b) No alcohol required. 
(c) Test method. See chapter 10. 


Alternate Requirement—Al! Engines— 


(a) Maintenance of constant 70°F carburetor top 
deck temperature with 30°F or lower outside 
air temperature under following conditions. 
(1) Atmospheric condition of heavy rain. 
(2) Airspeed representative of normal de- 

scent operation. 


(3) Engine power as required for normal de- 
scent. 


(b) Emergency alcohol provisions for carburetion 
engines only. (Not to be used in test.) 


DESIGN 


The face that preheat tests are normally run on a 
rain {ree day requircs extrapolation to determine the 
temperature rise available with considerable free mois- 
ture in the air. Several tests have been run wherein 
watcr was introduced into the airscoop to simulate 
rain. Only $0 to 60 percent of the dry air preheat 
was available with simulated rain. Basically at is 
well established that if a carburetor cop deck tem- 
perature of approximatcly 70°F can be maintained 
under severe icing conditions no carburetor icing 
will be encountered. If an agency secking installa- 
tion approval prefers to attempt demonstration per 
item on alternate requirement, such a test is acceptable 
in licu of that specified in the Wright Aeronautical 
Specification Test Code under “Carburetion Checks” 
in this chapter. 


The Wright Acronautical Corporation for pur- 
poscs of official installation approval, has adopted 
as its minimum preheat requirement for all types of 
fuel mezering, the system outlincd under “Fuel Injec- 
tion Erigines” ahove. This is in accord with the re- 
cently established minimum requirements of other 
eng ne manufacturers, the aircraft industry, and the 
CAA. However, the sumcewhst more conservative 
recommendations outlined under “Carberetion En- 
gincs Using Pressure Carburctors”, are considered 
more desirable for carburetion cneines in the light of 


this company's present information. 


Since ram air ducts can become ciogeed by atmos- 
pheric ice in an extremely short time, al] preheater 
systems must be provided with a provected air source. 

Carburetor screens must nat be located Setween the 


source of heared air and the carburctor uniess alcohol 
injection occurs ahead of the screen. 
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